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Superimposed Hydrostatic Pressure, MPa

I. Isotropic/Homogenous Materials

Hydrostatic pressure has no effect on yield strength
as predicted by various yield criterion, e.g.
the von Mises yield criterion

1 2 2 2P
o, = f[(al - 02) +(02 - 03) +(03 "01) ]
Ex. Steels, Al alloys, Pure cubic metals
I1. Inhomogeneous Materials

i) Removal of yield point: For materials that exhibit a
removal of yield point due to pressure-induced
generation of mobile dislocations, the yield strength
generally decreases with increasing pressure.

Ex. Fe, Cr, W, NiAl

ii) Composites/Other inhomogeneous systems:

The increase in yield strength with pressure is due to

the generation of dislocations at the reinforcement/matrix
interfaces and due to the suppression of damage associated
with the reinforcement in composites. Relaxation of
residual stress and decreased constraint may reduce the
flow stress.

Ex. 6061A1-A1,0;, AZ91-SiCp, Cd, Zn

Ref.: J.J. Lewandowski and P. Lowhaphandu, International Materials Reviews, Vol.43, No.4, 1998.
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R.W. Margevicius and J.J.
Lewandowski, Metall. Mat.
Trans. A 25, 1457 (1994).

Fig. 9—SEM micrograph of TG microcrack on the external surface
of the sample tested in tension at SO0 MPa to 10 pet strain. Loading
axis is vertical,

,3 Institute for

Materials
.E.-,- S C|e n Ce Fig. 14—SEM micrographs of matching fracture surfaces of the cast NiAl specimens tested at 500 MPa, showing ridge-to-ridge matching of
the TG portions of the fracture surface.
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(c)
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Loading
Direction l
(a)
5 . I [
(d)

(e)

a transgranular cleavage; b intergranular fracture; ¢ microvoid
j8ses’ coalescence or dimpled rupture; d ductile rupture; e localised shear

2. 16 General categories of fracture processes in
B Institute for metallic materials®®1:3%2
gt Materials

e LSCIE nr?e J.J. Lewandowski and P. Lowhaphandu, International Materials Reviews, Vol.43, No.4, 1998.




atm)

Yield Strength (1

i
!

Yield Strength

t
=

n.a

Summar

& o —

High Pressure Effects on Metals and Metallic Composites

Inhomogeneous Matl's
Composites

rrTlgvrl

Isotropic / Homogeneous

Removal of Yield Point

nnnnnn

-4
-4
-4
-+
.
4
-

s00 1000
Superimposed Hydrostatic Pressure,

True Fracture Strain

1.0

0.0

Ductile Metals

MMC's Shear Banding

/ or Ductile Rupture |

r ERRASEY A0 WSS MTAN RN RESH RART UPGAE FANS VYRR Sspe HoPy W] [:ey WET TaNe ENN N &

T -

Sno 1000 1500 2000
Superimposed Hydrostatic Pressure, MPa

2500



. cooe, .
e 0ww® 9000 e ¢ .
MASQee00e. -

)9oe-

200

+ 4

200

+

-

)O-

‘3 Institute for

Materials

ittt Science

os Alamos

Outline
—o— G0 —
High Pressure Testing Rigs

- Pressure Media: Gas, OIl
- Internal Load Cell, Pressure Measurement
Pressure Effects on Flow of Metallic Alloys
- Yielding
- Cubic Systems
- Non-Cubic Systems
- Particle-containing systems
- UTS

Pressure Effects on Fracture of Metallic Alloys
- Fracture Micro-mechanisms
- Pressure Effects on Ductility/Fracture
Pressure Effects on Composites, Intermetallics
- Flow
- Ductility/Fracture
- Pressure and Temperature Effects
- Implications on Deformation Processing
Hydrostatic Extrusion
- Concept
- Examples (Composites, NiAl)
- ODS Tubes?
- Billet Design, Initial Results



. @ no billet container
- friction
. e decreased die friction
+ ® decreased redundant
- work

e billet container =
friction '

Conventional Hydrostatic
Extrusion Extrusion

48 Comparison of apparatus for conventional extrusion and hydrostatic extrusion'88187.3%8

Institute for
Materials
.- Science J.J. Lewandowski and P. Lowhaphandu, International Materials Reviews, Vol.43, No.4, 1998.
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% Numbers represent
i P2k

Sheet Centreline

I Ms 45 Variation in hydrostatic pressure in deform-
) 1 ation zone for strip drawing based on field
8. Institute for

& atarar shown: note that negative values are tensile*"*
sttt Science . . . .
" Los Alamos J.J. Lewandowski and P. Lowhaphandu, International Materials Reviews, Vol.43, No.4, 1998.




Extrusion PressumRano=

Pg = Extrusion Pressure
Pp = Back Pressure

Fig. 3. Schematic representation of the hydrostatic extrusion
2O I M s apparatus.
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Table4 Summary of hydrostatic extrusion data Table 4 (cont)
for various materials without back Hardness, HV
pressure

Material Die angle, deg Billet* Product!

Hardness, HY Magnesium alloys

; ot Magnesium?®+3%% 45 28
Material Die angle, deg  Billet Productt Mg- 1A1%04305 s 36
Iron and steel Mg-1A[704395 90 36
Armco iron?0430% 45 76 M/ ZTYy304.505 45 57 76-92
Armco lron?®43% 90 76 ZW3 (cast)?0+30 45 66 66-85
Mild stee/043% 45 13 195-277 AZ91 (cast)*4305 45 93 102-116
Stoel (0152022288308 45 Mg-Li*&4"7 20
AIS1 1020 steef* 2 M 25 AZ91-SiCp*e4Y 20
AISI 1020 steel®” 90 Aluminum glloys
Zn 5g%430% 45 135 250-320 99-5% AI30439% 45 24 43-50
Zn §¥4308 45 148 240-280 99-5% A04.308 90 24 43-50
D-2 steel*43% 45 243 313 99-5% A% 20 22 60
D-2 steel304305 5 243 370 HE 30 Al (HD44)0439% 45 51
AISI 4340 steel™” 45 195 285-301 HE 30 Al (HD44)*%% 90 51 ..
AIS| 4340 stee™” 85 195 301-393 Al-118{3043% 15 62 80-93
High speed P e 45 260 390-420 Duralumin 1134395 45 71
Rex 448301,305 45 3‘0 370 A,”FLS”"JOS 45 VAl 1M
High tensile™*2%5 5 74 390-470 AD.1 (995 Al)220-292.295.308 45
Cast iron™® It 198 191-209 AD.1 995 AFH-RAR0 . 50
316 stainless steel 20 490 Alloy A (2-28 Mg)**™" e 45
Alley Akszso-znzsa.:ns 45
High temperature and refractory metals and alloys 1100A1-0%¢ 45
Berylliym?0-282286.208 15 Al (annealed)®”’ 90
Beryllium™® 45 c ’
: i 1307 opper alloys
gﬁ[f,'xu"’m‘;l?‘ ersion ig mwo ERCH30430 45 43 120
Molybdenum: ERCH304.30% 90 43 "
Rolled 4% 45 191 215-263 - ‘99.7127:-::::::2: o
Sintered™¥ 15 26 252-288 e -
Arc cast®® i W 263-308 Copper {annealed) %
s Copper™® 20
Nlob!um " 45 12 176-181 60/40 brass®435 45 127 181-184
Niobnum’” 20 60/40 brass (Lsz)zso-zsuss.aou 80
Niobium~2% Zr**® 45 281
Tantalum*3% 45 78-120 127-183 Miscellaneous
Titanium T/AM30430% 45 254 262-342 Bismuth4:30% 45 8 4
Titanium T/AS?430% 45 310 299-324 Yitrium {annealed)®® 90
Titanium D-11%" 20 Zinc®® 20
Ti-6Al-4v3" 45 305 NiAl
Tungsten¥43%% 5 440 450-480 extruded at 25°C™%164¢ 20 225 725
Vanadiym?43% 45 270 extruded at 300 °C"5%154 20 225 370-400
. Zirconium3% 15 169 190 Cu-W31
o Zirconium?04308 30 170 X2080AI-SiCp'®6.187¢ 20
} : 304,305 Bulk metallic glass
;::::z;n“gog ;Z iz: ' cont. (extruded at 300°C)*" 20 e .
* Before hydrostatic extrusion; t after hydrostatic extrusion; ¥ mechanical : Bc’on? hydros!atic extvusion,: e hydrosl?lic cx"""'iom.t Mdchasoal
Institu t? for proptios feneion, compress'ionl measured in references ’listed. properties {tension, compression} measured in references listed.
Materials

-Science J.J. Lewandowski and P. Lowhaphandu, International Materials Reviews, Vol.43, No.4, 1998.
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Fig. 9— SEM micrograph of TG microcrack on the external surface
of the sample tested in tension at SO0 MPa to 10 pet strain. Loading
axis is vertical.

R.W. Margevicius and J.J.
Lewandowski, Metall. Mat.
Trans. A 25, 1457 (1994).

Fig. 12— SEM micrographs of the fracture surfaces of cast NiAl
specimens tested at (a) 0.1 MPa and (b) 500 MPa pressure.
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Figure 6. Low-magnification Nomarski optical view of notch-tip region in a toughness test of

fidgess: i hydrostatically extruded NiAl. The higher-magnification view shows detail of crack-
3 tip bifurcation along the grain boundary parallel to the extrusion direction.
: Institute for

g vt et ). Lewandowski, B. Berger, J.D. Righey, and N. Sunil,
.- Science

2¢RIES  Philos. Mag. A 78, 643 (1998).




Figure 4. Optical micrograph of arrested crack tip in notch toughness test of hydrostatically
extruded NiAl showing plasticity at the crack tip and crack-tip bifurcation.

Figure 5. Scanning electron microscopy fractography of the notch toughness tests on
hydrostatically extruded NiAl showing transgranular quasicleavage fracture.

LIMS

Fstwte for ) ], Lewandowski, B. Berger, J.D. Rigney, and N. Sunil,

Materials
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Figure 5. TEM micrograph showing extensive deformation and subgrain formation after hydrostatic extrusion at 573K.
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Figure 2. Initial texture before hydrostatic extrusion showing a partially recrystallized (111} fiber texture.

- I M S Figure 4. Inverse pole figure for NiAl hydrostatically extruded at 573 K.
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Table 1. Effects of processing conditions on mechanical properties of NiAl.

Microhardness Compressive Notch

Material identification (1 kg load) yield strength toughness
and processing (HV) (MPa) (MPa m'?) Fractography Comments
Cast and conventionally 25£10 25£25 3.5£0.1 Integranular and Linear load-displacement
extruded at 1[73K transgranular trace
(16:1 ratio) cleavage
Hydrostatically 125425 N/A N/A N/A Billet cracked
extruded at 298 K
(2:1 ratio)
Hydrostatically 370° 4 25 400° 10.2° Transgranular R curve Koy, = 28.5MPa m
extruded at 73K N+ 400 1.0 Quasicleavage R curve Ky, = 29.0 MPa m
(2:1 ratio) 400 = 25 420 12.8 Quasicleavage R curve K, = 28.0M Pa m

400 = 20 420 [3.0 Quasicleavage R curve K,, = 28.5MPa m'"/
Hydrostaticaily ARERM N/A 5.1 Intergranular and  Linear load-displacement
extruded at 573K transgranular (race
(2:1 ratio) annealed at cleavage
973K for 1h

and then fummace cooled

? Annealed at 673K for 2h and then furnace cooled.

% I MS J.J. Lewandowski, B. Berger, J.D. Rigney, and N. Sunil,

8 Institute for

£ gg}ggg'; Philos. Mag. A 78, 643 (1998).
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ODS COMPOSITE TUBE EXTRUSION
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COOLING

Die and Billet Readied
after Extrusion for Die Removal
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EXTRUDED ODS TUBE AND CLADDING
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EXTRUDED ODS TUBE

DIRECTION OF EXTRUSION
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Fig. 1 Overall Image of Extruded ODS Tube After Etching(ER: 4:1, 45° angle die, 4.2 in/min product rate, 815°C extrusion temperature )
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CHEMICAL MILLING OF ODS
COMPOSITE
(3-day at 23% Nitric Acid)
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PROGRESSION OF ODS EXTRUSIONS
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See Separate Attachment
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Summary
—o— G0 —
High Pressure Testing Rigs

- Pressure Media: Gas, OIl
- Internal Load Cell, Pressure Measurement
Pressure Effects on Flow of Metallic Alloys
- Yielding
- Cubic Systems
- Non-Cubic Systems
- Particle-containing systems
- UTS

Pressure Effects on Fracture of Metallic Alloys
- Fracture Micro-mechanisms
- Pressure Effects on Ductility/Fracture
Pressure Effects on Composites, Intermetallics
- Flow
- Ductility/Fracture
- Pressure and Temperature Effects
- Implications on Deformation Processing
Hydrostatic Extrusion
- Concept
- Examples (Composites, NiAl)
- ODS Tubes?
- Billet Design, Initial Results



